A new high-throughput liquid chromatography / tandem mass spectrometry (LC-MS/MS) method for the quantification of Δ 9 -tetrahydrocannabinol (THC) in suspect plant material and of its principal metabolite, 11-nor-9-carboxy-Δ 9 -tetrahydrocannabinol (THC-COOH), in human urine was developed and validated. The separation was performed on a Zorbax SB-C18 column under isocratic conditions using a mixture of 2 mM ammonium formate in water and methanol (17:83, v/v) for THC or acetonitrile (45:55, v/v) for THC-COOH at 40ºC with a flow rate of 1 mL/min. The detection was performed in MRM mode using an ion trap MS equipped with an APCI ion source using positive mode ionization for THC and negative mode ionization for THC-COOH. The plant samples (0.2 g) were extracted in methanol and diluted before the analysis. The urine samples were heated for 30 min at 80°C with 85% phosphoric acid and centrifugated before the analysis. The method showed a good linearity (r > 0.994), precision and accuracy (< 8.5%) over the concentration ranges of 2 -128 ng/mL for THC and 0.5 -32 ng/mL for THC-COOH, respectively. The method is not expensive, requires a minimum time for sample preparation and has a run-time of 3.5 min for instrument analysis (retention times for THC and THC-COOH were 2.6 and 2.55 min, respectively). The developed and validated LC-MS/MS method is very simple and more rapid than other similar methods. It was successfully applied for the rapid quantification of THC in plant samples and of THC-COOH in human urine in forensic toxicology analyses.
annabis sativa var. Indica is considered to be the illicit drug most abused world-wide. It is traditionally consumed by smoking, eating, or drinking in the form of infusions. The smoking of cannabis is the most harmful method of consumption. The chronic effects were correlated with the development of anxiety and psychotic disorders, including schizophrenia, and depression. The main psychoactive chemical compound found in the cannabis plant is Δ 9 -tetrahydrocannabinol (THC) (Fig.1) . His psychoactive effects are mediated by the activation of the cannabinoid receptor CB1, located mainly in the central nervous system, which is the most abundant G protein-coupled receptor in the brain [1] .
THC is rapidly absorbed by inhalation, while by oral exposure only 5% to 10% of the dose is absorbed. THC is liposoluble, being rapidly cleared from plasma and stored in adipose tissue. Its tissue half-life is of approximately 7 days. The main active metabolite of THC is 11-hydroxy-THC, which is transformed in the body by oxidation to 11-nor-9-carboxy-Δ 9 -THC (THC-COOH), pharmacologically inactive ( Fig.1) . This is then metabolized by conjugation to glucuronide and easily excreted from the body by the kidneys. THC-COOH has a long half-life in the body, up to several days (or even weeks in very heavy users) and it is the main metabolite tested in biological samples for cannabis use detection [2] . The analysis of THC and THC-COOH is important in forensic toxicology, being the most frequently detected substance in cases of driving under the influence of drugs [3] . Gas chromatography / mass spectrometry (GC-MS) is the most common instrumental technique used for drug identification in forensic analysis. However, THC-COOH is a polar molecule and must be derivatized prior to the GC-MS analysis [4] , an operation that makes the analysis laborious and more expensive.
Recently, several liquid-chromatography / mass spectrometry (LC-MS) or liquidchromatography / tandem mass spectrometry (LC-MS/MS) methods have been reported for the analysis of THC and/or THC-COOH in serum, plasma or whole blood [5] [6] [7] [8] [9] , oral fluid [10, 11] or urine [3, 7, 8, [12] [13] . An isolation step of analytes is often required prior to instrumental analysis, performed generally by liquid-liquid extraction (LLE) [5, 10, 13] or solid phase extraction (SPE) [3, 4, 6, 8, 9, 11, 12] , but it is a time-consuming step that also increases the cost of the assay and can affect the recovery.
The aim of this work was to develop and validate a new simple and efficient high throughput LC-MS/MS assay for the rapid quantification of THC and its main active metabolite, THC-COOH, in plant suspect material and in human urine, respectively.
Experimental
Standards of Δ 9 -tetrahydrocannabinol (THC) and 11-nor-9-carboxy-Δ 9 -tetrahydrocannabinol (THC-COOH) were purchased from Lipomed (Switzerland). Methanol and acetonitrile of HPLCgrade, ammonium formiate and 85% phosphoric acid of analytical-reagent grade were purchased from Merck KGaA (Darmstadt, Germany). Bidistilled, deionised water pro injections was obtained from the Laboratory for Infusion Solutions of the University of Medicine and Pharmacy Cluj-Napoca (Romania). The human blank urine was obtained from healthy volunteers, men and women, who didn't use any drug during last seven days. The Cannabis plant samples were obtained from Forensic Institute Cluj-Napoca.
Apparatus
The following apparatus were used: 204 Sigma Centrifuge (Osterode am Harz, Germany); Analytical Plus and Precision Standard Balance (Mettler-Toledo, Switzerland); Vortex Genie 2 mixer (Scientific Industries, New York, USA); Ultrasonic bath Elma Transsonic 700/H (Singen, Germany). The HPLC system used was an 1100 series Agilent Technologies model (Darmstadt, Germany) consisting of a G1312A binary pump, an in-line G1379A degasser, a G1329A autosampler, a G1316A column thermostat and an Agilent Ion Trap Detector 1100 SL.
Chromatographic and spectrometric conditions
Chromatographic separation was performed on a Zorbax SB-C18 (100 mm x 3.0 mm i.d., 3.5 μm) column (Agilent Technologies) under isocratic conditions using a mobile phase of a mixture of 2 mM ammonium formate in water and methanol (17:83, v/v) for THC, and of a mixture of 2 mM ammonium formate in water and acetonitrile (45:55, v/v) for THC-COOH, respectively, at 40ºC with a flow rate of 1 mL/min. The detection was performed in multiple reaction monitoring (MRM) mode using an ion trap mass spectrometer equipped with an atmospheric pressure electrospray ionisation (APCI) ion source, in positive mode for THC (dry gas nitrogen at 7 L/min, dry gas temperature 300ºC, vaporizer 300°C, corona 8 microA, capillary 3000V) and in negative mode for THC-COOH (dry gas nitrogen at 7 L/min, dry gas temperature 300ºC, vaporizer 450°C, corona 20 microA, capillary 1200V), respectively. The ion transitions monitored were m/z 315 → m/z (136.0+193.7+233.6) for THC and m/z 343 → m/z 299.2 for THC-COOH, respectively.
Standard solutions
The stock solutions of THC (1 mg/mL) and THC-COOH (1 mg/mL) were prepared by dissolving appropriate quantities in methanol. Two working solutions (20.0 μg/mL and 200.0 ng/mL for THC and 5.0 μg/mL and 50.0 ng/mL for THC-COOH, respectively) were prepared by appropriate dilutions in water/methanol (50:50, v/v) for THC or in drug-free human urine for THC-COOH, respectively. These solutions were used to prepare calibration standards with the concentrations of 2.0, .0 ng/mL in drug-free human urine for THC-COOH, respectively. The resultant calibration standards were pipetted into 15 mL polypropylene tubes and stored at -20ºC until analysis. As quality control (QC) samples three concentrations from calibration range were used for each substance: first level (lower), thirtieth level (medium) and fiftieth level ng/mL (higher).
Sample preparation
For THC analysis: Plant samples of Cannabis Sativa var. Indica (0.2 g) were extracted with methanol (10 mL) in an ultrasonic bath for 30 min. After centrifugation (3 min at 12000 rpm), the supernatants were diluted (1:10, v/v) with water:methanol (50:50, v/v), transferred in autosampler vials and 50 μL were injected into the HPLC system.
For THC-COOH analysis: Urine samples (1 mL) were acidified with 85% phosphoric acid (20 μL) and incubated at 80°C for 30 min. After centrifugation (3 min at 12000 rpm), the supernatants were transferred in autosampler vials and 25 μL were injected into the HPLC system.
Method validation
The concentrations of THC and THC-COOH were determined automatically by the instrument data system using peak areas and the external standard method. The calibration curve model was determined for three calibration series (n = 3) by the least squares analysis: y = c + bx + a*x 2 , weighted (1/y 2 ) quadratic regression, where y -peak area and x -analyte concentration (ng/mL). The intra-day precision (expressed as coefficient of variation, CV %) and accuracy (expressed as relative difference between obtained and theoretical concentration, bias %) were determined by analysis of three different samples (n = 3) from each QC standards (at lower, medium and higher levels) on the same day. The inter-day precision and accuracy were determined by analysis on three different days (n = 3) of one sample from each QC standards (at lower, medium and higher levels).
The lower limit of quantification (LLOQ) was established as the lowest calibration standard with an accuracy and precision less than 20%.
Results
The chromatographic conditions, especially the composition of the mobile phase, were optimized in several trials to achieve the best MS signals, the shorter retention times of each analyte and consequently a high-throughput analysis. Simultaneous LC separation and detection are so difficult because THC is extremely lipophilic and THC-COOH is quite polar. The best results were obtained at 40ºC with a flow rate of 1 mL/min and a mixture of an aqueous phase consisting of 2 mM ammonium formate in water and an organic phase consisting of methanol (17:83, v/v) for THC or acetonitrile (45:55, v/v) for THC-COOH, respectively. In the selected chromatographic conditions, the retention times of THC and THC-COOH were 2.6 and 2.55 min, respectively, and the analytical runtime was 3.5 min for instrument analysis. No interfering peaks from the endogenous urine components were observed at the retention times of both analytes. Representative chromatograms of samples spiked with THC and THC-COOH at LLOQ are shown in Fig.2 . Fig. 2 Representative chromatograms of a standard sample spiked with THC at lower limit of quantification (2 ng/ml) (up) and of an extract obtained from a seizure of Cannabis sativa var. Indica (down) (found concentration of THC: 31.2 ng/mL), respectively (retention time of THC: 2.6 min)
The detection was performed in MRM mode by monitoring the ion transitions: m/z 315 → m/z (136 + 193.7 + 233.6) for THC (Fig.3) , and m/z 343 → m/z 299.2 for THC-COOH (Fig.4) , respectively. The calibration curves were linear over all the studied concentration ranges, with the correlation coefficients greater than 0.994. The LLOQ were 2.0 ng/mL for THC, and 0.5 ng/mL for THC-COOH, respectively. The values obtained for intra-day and inter-day precision and accuracy during the validation are shown in Table 1 and Table 2 , respectively.
Measured concentration Analyte
Nominal concentration (ng/ml) ng/ml ± SD Table 1 . The intra-day accuracy and precision data for the measurements of THC and THC-COOH in plant extracts and human urine, respectively (n = 3)
Nominal concentration (ng/ml) ng/ml ± SD Precision (%) Accuracy (%) Table 2 . The inter-day accuracy and precision data for the measurements of THC and THC-COOH in plant extracts and human urine, respectively (n = 3)
Discussion
In LC-MS/MS assays the sensitivity depends on MS detection mode, but the method used for sample preparation may influence the chromatographic background level and can generate matrix suppression effect. The other methods reported in the literature include an isolation step by SPE to eliminate the impurities and to increase the sensitivity. But this operation increases the time of analysis, increases the costs and can affect the recovery.
In our method, sample pretreatment was very simple and rapid: extraction of cannabinoids in methanol in ultrasonic bath for plant material or acidic hydrolysis of THC-COOH glucuronides with 85% phosphoric acid at 80°C for 30 min for urine samples, followed by centrifugation.
LC-MS/MS assay
An atmospheric-pressure chemical ionization (APCI) source was selected for the analysis because it is less influenced by ion suppression [14] . In the ionization assisted by APCI source the organic solvent has an important impact on ionization degree. Generally, methanol is used in positive mode, while acetonitrile is used in negative mode [15, 16] .
For achieving maximum sensitivity, the simultaneous analysis of THC and its metabolite is not possible because each of them requires other solvent and other mode detection: for THC methanol and positive detection mode when it forms the pseudo-molecular ion [M + H] + , m/z 315 (Fig.4) , and for THC-COOH acetonitrile and negative detection mode when it forms the pseudo-molecular ion [M -H] -, m/z 343 (Fig.5) .
For this reason we developed two very similar methods, one for THC assay and another for THC-COOH assay, which used the same aqueous phase of 2 mM ammonium formate in water, but different solvent and different proportion of aqueous phase / solvent: methanol (17:83, v/v) for THC or acetonitrile (45:55, v/v) for THC-COOH. The detection was performed in MRM mode, the specific ion transitions being selected for each analyte in order to obtain the best signal-to-noise ratios. The selected chromatographic conditions assure a high-throughput analysis, with an analytical run-time of 3.5 min, and the selected detection conditions assure a good sensitivity: LLOQ of 2 ng/mL for THC and 0.5 ng/mL for THC-COOH. Other LC-MS/MS or LC-MS published methods for the quantification of THC and/or THC-COOH in biological samples have longer run-times and poor sensitivity for THC-COOH assay (Table 3) .
Assay validation
The method was validated in accordance with international regulations [17] [18] [19] . The obtained results proved a good linearity (r > 0.994), sensitivity, accuracy and precision over the studied concentration ranges for both analytes. All values for accuracy and precision were within recommended limits (Table 1 and Table 2 ).
Application
The developed method was successfully applied in forensic analysis of suspect plant samples of Cannabis captured by Police and in a monitoring program of cannabis abuse. The representative chromatograms of an extract obtained from a capture of Cannabis sativa var. Indica (found concentration of THC: 31.2 ng/mL) and of a urine sample obtained from a dependent patient, four weeks after cannabis abuse interruption (found concentration of THC-COOH: 2.05 ng/mL), are showed in Fig. 2 and Fig. 3 , respectively.
Conclusion
The developed LC-MS/MS assay is simple, rapid, accurate and not expensive. In comparison with other published LC-MS/MS assays for quantification of THC and/or THC-COOH in plant samples or/and biological matrix, our method performs better in terms of sensitivity (LLOQ of 0.5 ng/mL for THC-COOH), speed (chromatographic run-time up to 3.5 min), simple pretreatment of samples and costs, which are essential attributes for methods used in routine analysis.
The method was validated and successfully applied for THC assay in suspect plant samples and for THC-COOH assay in cannabis abuse testing. It is a high-throughput method and can have wide applications in forensic toxicology and in monitoring programs of driving under the influence of drugs.
